Soil water content gauges based on neutron scattering (NS) have been a valuable tool for soil water investigations for some 40 yr. However, licensing, training, and safety regulations pertaining to the radioactive source in these devices makes their use expensive and prevents use in some situations such as unattended monitoring. A capacitance probe (CP) gauge has characteristics that would make it seem to be an ideal replacement for NS gauges. We determined the relative precision of two brands of NS gauges (three gauges of each) and a brand of CP gauge (four gauges) in a field calibration exercise. Both brands of NS gauges were calibrated vs. volumetric soil water content with coefficients of determination (r ) ranging 1950's (Gardner and Kirkham, 1952) . Since then NS gauges have improved in portability, programmability, weight and size. The advent of more efficient detectors resulted in the use of smaller and thus safer radioactive sources. The precision of measurements possible with NS has
always been high and satisfactory for many soil water investigations (standard error <0.01 m m , 3 -3 Van Bavel et al., 1956; Gardner, 1986) . However, safety regulations requiring licensing and training of users, and considerable (and apparently growing) paperwork cause the NS method to remain expensive and difficult or impossible to use in some situations, particularly unattended monitoring. Storage and disposal of gauges is also increasingly expensive. The theory of operation of NS gauges and field calibration methods are described in several publications including Gardner (1986) and Greacen (1981) .
A replacement for the NS method would allow measurements in access tubes at any depth and at many field locations. It would be non-nuclear and thus free of regulations pertaining to radioactivity; and capable of stand-alone operation. Better depth resolution and precision at least comparable to the NS method are desirable. A CP gauge with many of these characteristics was described by Dean et al. (1987) . The probe consists of an electrode pair separated by a plastic dielectric. The upper and lower electrodes and the plastic separator are in the shape of a cylinder that fits closely inside a plastic access tube. A resonant LC (L = inductance, C = capacitance) circuit in the probe includes the ensemble of the soil outside the access tube, the access tube itself, plus the air space between the probe and access tube, as one of the capacitive elements. Changes in the resonant frequency of the circuit depend on changes in the capacitance of the soil-access tube system. The difference between the resonant frequency of the probe in the access tube and a baseline resonant frequency (often measured with the probe in air) is called the D value and is the value reported by the gauges studied here.
Care is taken to center the capacitance probe in the access tube with minimal space between probe and tube. Access tube installation is also done so as to eliminate air gaps between the tube and soil and minimize soil disturbance. When these conditions are met, changes in the capacitance of the soil-access tube system are those induced by changes in soil water content, temperature, bulk density and macroporosity. The capacitance change caused by water content change is due to the high dielectric constant, K (dimensionless), of water which is about 80 and is much higher than that of w soil minerals (3 to 5) or air (1).
The capacitance of the soil-access tube system, C (F), is given by :
where K is the system apparent dielectric constant and g has units of farads and a value dependant a on the geometry of the system. The resonant frequency, F (Hz), is given by : to which the electrodes are connected, C is the capacitance of the soil-access tube system defined in Eq.
[1], and L is the inductance (henries) of the coil in the LC circuit. As soil water content increases, C also increases and F decreases. The temperature dependency is induced by the temperature dependence of water's dielectric constant (assuming that the probe electronics are practically temperature insensitive).
An idea of what the geometry parameter, g, refers to can be obtained from the classical equation for capacitance of a simple two electrode plate capacitor:
The mention of trade or manufacturer names is made for information only and does not imply an endorsement, 2 recommendation, or exclusion by USDA-Agricultural Research Service.
where g is the permittivity of free space (8.9 x 10 F/m), a is the overlapping area (m ) of the plates o -12 2 and d is the thickness (m) of the dielectric separating the plates (Malmstadt, et al., 1974, Eq. 2-29 For the capacitance probe, the soil-access tube system that forms the dielectric between the two probe electrodes is complex, and no relationship has been established for computing g and thus C for this geometry. The plates take the form of two surfaces on a cylinder separated by an insulator, and the access tube and soil are outside of and not between the plates. Thus, the electric field permeating the soil forms a more or less elliptical torus around the probe with lines of force originating in one plate and ending in the other. This was called a fringing field by Thomas (1966) . Although Eq.
[3] does not apply to this configuration, any equation that did apply would have to include terms that describe the plate (electrode) surface area, S, and the interaction of the electric field and the soil volume that it permeates. The latter is described by d in Eq.
[3] since the simple geometry of a plate capacitor confines almost all the electromagnetic flux to the volume of dielectric between the plates. For the CP probe electrodes, the surface area of the electrodes is well known but the degree to which the torus of electric force lines permeates the soil is not. Thus, it seems that any term equivalent to d is particularly ill-defined in this soil-access tube system since the soil, with all its variability in bulk density and water content, becomes the dielectric in the capacitive system and the shape of the field may be influenced by soil heterogeneity including any gaps between the soil and tube wall induced by tube installation. Bell et al. (1987) described methods for access tube installation and calibration for this type of capacitance probe. Plastic tubes were installed with a steel liner and cutting head operating through a guide plate to prevent lateral movement and the creation of air gaps between soil and tube. Installation proceeded in 4-cm increments using a screw auger placed inside the tube and augering no more than 4 cm ahead of the cutting head. All soil was placed in plastic bags and the procedure was assumed to provide a volumetric sample over a 4-cm depth. Calibration of the probe in four soils resulted in coefficients of determination (r ) ranging from 0.55 to 0.74 for regressions of frequency 2 vs. volumetric water content for three soils, and r of 0.86 and 0.92 for two horizons of the fourth 2 soil. The latter calibration was based on four measurements. Comparison of predicted and measured soil water profiles indicated good correspondance, but the r of some calibrations suggested that 2 standard errors of estimate might be high.
A soil water content CP gauge (Troxler Electronic Laboratories, Inc., model SENTRY 200AP) was patterned after that of Dean et al. (1987) and included some improvements while 2 retaining the desired characteristics. Heathman (1993) reported an r of 0.62 for a field calibration 2 of this gauge. Our objective was to compare the precision of commercially available NS and CP gauges through field calibration to evaluate the suitability of these gauges for field soil water content measurements.
MATERIALS AND METHODS
Measurements were made at the USDA-ARS Conservation and Production Systems Research Station at Big Spring, Texas on a field previously planted to cotton (Gossypium hirsutum L.). The soil is an Amarillo fine sandy loam (fine-loamy, mixed, thermic Aridic Paleustalf) (F.B. Pringle, USDA-SCS, 1993, personal communication) . A sandy clay loam B horizon (.55% sand, 23% silt, 22% clay) begins at .30 cm and extends below 200 cm. Within the B horizon a calcic horizon (Btk) starts at about 110 cm and extends below 200 cm. A wet site was created in the dry field by berming a rectangular area approximately 6 m by 4 m and ponding water on the area until the soil profile was wetted to below 2 m. A similar but unbermed area constituting the dry site was about 4 m west of the wet site.
Six neutron scattering gauges were used. Three of these were Campbell Pacific Nuclear , 2 model 503DR gauges (Campbell Pacific Nuclear, Inc., Martinez, CA). The other three were Troxler gauges, of which one was a model 4301 and two were model number 3331. Because the probe diameter for the NS gauges was smaller than that for the CP gauges, the same access tubes could not be used for both. Access tubes for the NS gauges were made of 304-cm lengths of galvanized steel electromechanical tubing (4.4 cm o.d., 4.0 cm i.d.). This is the standard tubing used at the USDA-ARS Conservation and Production Research Lab. and was chosen for its durability and low cost even though aluminum tubing has a lower neutron capture cross section. Plastic tubing was avoided due to its flexibility and higher neutron scattering cross section, which reduces the sensitivity of the probe to soil water content. Three tubes were installed in the wet site and three in the dry site by hand augering a 4.4 cm hole and pushing the tubes in, leaving about 15 cm of tube exposed at the soil surface. The bottom of each tube was beveled inward slightly so that the tube would follow the augered hole as it was pushed in. Four SENTRY 200 CP gauges were used. Access tubes for the CP gauges were 304-cm lengths of Schedule 40 PVC rigid pipe (6.0 cm o.d., 5.2 cm i.d.). The choice of PVC tubing and its installation followed Troxler guidelines (Troxler Electronic Laboratories, 1991) . PVC tubes were beveled on the inside of one end and installed, beveled end down, through a guide plate placed on the soil surface. The guide plate consisted of a 60-by 60-cm square of 1.6-cm-thick plywood in the center of which was rigidly attached a 20-cm long steel pipe machined to just accept the PVC pipe. The guide plate held the PVC tube during installation preventing enlargement of the installation hole near the soil surface. A short hole was augered through the center of the guide plate and the PVC tube was pushed into the soil. Subsequent short sections of the hole were augered from within the PVC tube. The tube was driven into the hole between augerings using a machined driving head (to prevent deformation of the PVC at the top end) and a 4.5-kg hand hammer.
All PVC tubes installed in the dry soil were forced out of round upon entering the calcic horizon at about 110 cm. In two cases installation was stopped when about 120 cm of tube was still above ground. A third tube was installed slightly deeper and a fourth tube was installed fully. In the wet site three PVC tubes were installed in the same manner. All three tubes were fully installed with few problems, but one of the tubes was apparently out of round or bent, so that measurements could not be taken below 163 cm. Tubes were installed or cut off so that the first measurement would be centered at 10 cm below the surface using the built in stops on the capacitance probe extensions. After installation, tubes were cleaned inside with a wire brush.
All soil sampling and gauge readings were done in a 3-d period from 6 to 8 December 1993. The wet site gauge readings and soil sampling were done in one 11-h period to avoid changes in water content due to drainage. To further avoid water content changes due to drainage during sampling, the wet site was allowed to drain for 43 h before sampling began. Sampling with the NS gauges was done at 10 cm and below that at 20-cm increments. Sampling with the CP gauges was done in 15.24-cm increments starting at 10-cm depth. (The 15.24-cm increment was chosen because that is the spacing of the built in stops on the probe handle extensions for the CP gauge.) The 20-cm increment for the NS gauges is the normal sampling increment at the Conservation and Production Research Lab. The sampling depths, which were the same for gauges and soil samples, are given in Table 1 . Samples taken by neutron scattering were 1-min counts. Before and after sampling in the access tubes, standard counts were taken with each NS gauge on a stand elevating the gauge bottom 82 cm above the dry soil surface and with the probe locked in the gauge shield. For each gauge the mean standard count was the average of at least six standard counts. For each gauge, the count ratio for each depth in each tube was computed by dividing the sample count taken in the access tube by the mean standard count. Soil was sampled with the Madera sampler (Allen et al., 1993) , which provides a 60-cm 3 sample, immediately placed in cans, and the lids sealed with plastic tape. Four samples were taken at each depth. The samples at 10 cm were taken by pushing the sampler vertically into the soil adjacent to the access tube until the sampling volume was centered at 10 cm. For samples below 10 cm a trench was excavated with a backhoe leaving about 10 cm of soil between the trench wall and the tube. To avoid soil compaction or breakage the remaining soil was removed with a spade until one side of the tube was exposed. The tube-soil interface was examined for air gaps and sampling depths were marked on the tube. At each depth four samples were taken horizontally next to the tube using the Madera sampler, with two samples just above and two just below the depth mark. During sampling an air gap was discovered along a length of tube 13 from 25 to 71 cm depth, so samples from depths of 25, 41, 56, and 71 cm at this tube were not considered in data analysis. Although numbered 13 this was actually the first PVC tube installed and overzealous augering ahead of the tube probably caused the air gap. All tubes were inspected for air gaps and no other air gaps were discovered.
Soil cans were tared prior to sampling, weighed after sampling, placed in an oven at 105 C for 48 h, and weighed again. Bulk densities, D (Mg m ) and soil water contents, 2 (m m ) were -3 3 -3 calculated for each sample and averages computed for each depth. Calibration equations were explored using linear, stepwise linear, and nonlinear regression; and, confidence limits for predicted values were determined at the 0.05 probability level using the SAS REG and NLIN procedures (SAS Institute, 1987) .
For comparison, we also present data from NS gauge calibrations, previously done using the method reported here, on the Ulysses silt loam soil (fine-silty, mixed, mesic Aridic Haplustoll) at Garden City, KS and the Pullman clay loam soil (fine, mixed thermic Torrertic Paleustoll) at Bushland, TX. At Bushland there were only two access tubes each in the wet and dry sites. The coefficients of variation, CV, for 2 and D were calculated for each depth at each tube. 
RESULTS AND DISCUSSION
There was little variability of D with depth at Big Spring. Mean values were close to 1.7 Mg m throughout the profile (Fig. 1) . There was little difference in average D measured at the six NS -3 access tubes compared with that measured at the seven CP gauge access tubes, but there was slightly less variability in individual sample D measured at the CP gauge access tubes. The 2 profiles illustrate the wide range of water contents achieved at the wet and dry sites (Fig. 2 and 3) .
For the NS gauges, separate linear regressions of 2 vs. count ratio were performed for the A horizon, the complete B horizon, the B horizon above the calcic interface, and the calcic B horizon. Regressions resulted in r of 0.97 and For both the A and B horizons, parameters B and B were not significantly different from 0 1 zero (5% level) for the exponential model applied to data from any of the four CP gauges, but the intercept parameter B was significant in all cases. Parameters B and B in the quadratic model were 2 1 2 not significantly different from zero for both horizons. For the B horizon, the intercepts (B ) were 0 significant in all cases for the quadratic model. For the A horizon, the intercepts for the quadratic model were significant in 3 cases. In the fourth case (gauge ser. no. 255) the intercept would have been significant at the 0.07 level. The significance of the intercept terms in the exponential and quadratic models, for which 2 is the independent variable, is not surprising since the intercepts are far from zero (.4000-4500 for the four gauges) while the standard deviations of D are relatively small compared to the intercept values. The exponential and quadratic models were omitted from further consideration due to the insignificant parameters. It may be that the wide separation of water contents between the wet and dry sites makes a non-linear fit to these data more difficult (see Fig.  4 and 5). For the B horizon, both parameters in the linear model were significant for all CP gauges with r ranging from 0.68 to 0.71 (Table 3) . Root mean squared errors ranged from 0.036 to 0.037 m m . CP gauges, about four times greater than for the NS gauges. A typical plot shows the scatter of data around the linear regression line (Fig. 5) . Despite the poor relationship between water content and D value the readings of each of the four CP gauges were consistent when compared against the mean of the four instruments (Fig. 6, Table 3 ). The low RMSE (16-27 D units in Table 3 ) indicates that the precision of the gauges was good. This, coupled with the poor calibration results, suggests that something other than the average water content of the measurement volume was being measured very well. The measured factor was highly variable around the access tubes. There is evidence that soil dielectric constant (and thus capacitance) is sensitive to soil texture (Wobschall, 1978; Kuráz 4, 1981; Hallikainen et al., 1985; Bell et al., 1987) . Because clay content varied with depth in our soil, we performed separate linear regression analyses for each CP gauge for each sampling depth in the B horizon and at the 25-cm depth (Table 4) . At 25-and 41-cm depths coefficients of determination were below 0.5. For the 25-cm depth this can be explained by noting that the B horizon begins at this depth and texture and bulk density vary greatly over a short vertical distance. At the 41-cm depth the probe is well within the B horizon and at the depth at which clay content is greatest. For 56-, 71-, 86-, and 102-cm depths results were rather better but not consistently so with RMSE ranging from 0.002 to 0.045 m m . The low number of samples in these regressions leaves considerable room for error. In particular the high r values for the 102-cm depth 2 are for regressions involving only three samples and so could easily be the result of chance. With such low sample numbers we would not want to claim that the higher r values at greater 2 depths are evidence that the CP gauge should be calibrated layer by layer.
Some possible sources of variability in the CP gauge readings can be discounted. For instance, Dean et al. (1987) showed that, for their design, total thermal (0-30EC) and temporal (over 3 h) stability errors amounted to <0.005 m m error in water content. They also 3 -3 showed that air gaps between the tube and soil would introduce large errors, thus the exacting tube installation procedure. They did not measure the probe's sensitivity to D variations but in a companion paper Bell et al. (1987) noted that D appeared to affect the slope of calibration equations and concluded that more work was required in this area. Because we had some difficulty installing PVC tubes in the dry site one might conjecture that the D values from dry site tubes were more variable due to possible soil disturbance. However, consideration of The CP gauge is responsive mostly to a soil layer as thin as 8 cm or 12 cm (Troxler Electronic Laboratories, 1993) vertically, and within 11 cm of the probe centerline (Troxler Electronic Laboratories, 1993) . Thus, small-scale variations in soil properties are more likely to influence the probe's readings than would be the case for the NS gauge. Our soil samples were generally taken within the 11-cm radius and 12-cm vertical range but there was considerable variation in individual water contents for a given depth and access tube. The electric field induced in the soil by the CP is influenced by boundaries between soil volumes having different dielectric constants . Thus, D or 2 variations on a small scale could set up boundaries that would influence the size and shape of the sampled volume. Boot and Watson (1964) noted that sample heterogeneities can cause anomolous readings from capacitance probes applied to building materials, especially when the wavelength approaches the scale of heterogeneity. Wobschall (1978) pointed out that heterogeneous soils can also cause poor results.
Because we had multiple 2 and D measurements at each depth and for each access tube, we were able to compare the mean CVs of these parameters at each depth from the NS calibrations done at Bushland, TX and Garden City, KS with the results from this study ( Fig. 7 and 8 ). There was little difference in the mean CV for D at each depth in the Amarillo soil compared with results for the Ulysses and Pullman soils (Fig. 7) . Also, for the 41-to 102-cm depth range the mean CV for 2 at each depth for the Amarillo soil was comparable to that for the Ulysses and Pullman soils (Fig. 8) . Within this depth range the mean CV for 2 ranged from 0.030 to 0.035 for NS tubes and from 0.025 to 0.056 for CP tubes in Amarillo soil, from 0.010 to 0.021 in Ulysses soil, and from 0.025 to 0.038 in Pullman soil. These soils are representative of the major soils in the Southern High Plains so it appears that the Amarillo soil is not more heterogeneous in the B horizon than other soils in this area. The large mean CV for 2 at 25-cm depth for the Amarillo soil is due to the abrupt textural change at this depth and is probably related to the low r values for this depth for the CP gauge reqression respond non-uniformly to variations of water content within its volume of measurement; or, put another way, the tendency of the measurement volume of this gauge to change in shape and size in response to variations in water content. However, the r values for the CP gauge regressions for the 2 other depths (41, 56, 71, and 86 cm) in Table 4 do not appear to follow the trends in average CV of 2 at these depths shown in Figure 8 .
Another possible explanation for the poor results with the CP gauges is that the measurement volume is considerably smaller than reported by Bell et al. (1987) and Troxler Electronic Laboratories (1993). If this were so then the soil sampling method that we used would be inappropriate. However, the 15.24-cm measurement interval provided by the stops on the CP gauge probe handle would be too large if the sampling volume were smaller than that stated by Troxler Electronic Laboratories (1993) . If the sampling volume is indeed much smaller than reported, then the use of the CP gauge must be reevaluated because many more samples at much smaller vertical sampling intervals must be taken to provide accurate integration of the soil water content profile. In fact, if this hypothesis is true it may be difficult to accurately portray the soil water content profile in many soils because the representative elemental volume may be larger than the gauge's sampling volume. Field calibration of this gauge would also be problematic in this case because an exacting relationship between probe position in the tube and position of soil sampling is implied.
We conclude that the CP gauge has limited precision and is unacceptable for soil water content measurements under our conditions. In a less heterogeneous soil this might not be true. However, we have presented evidence that our soil was not more heterogeneous than most. In the literature there is evidence suggesting that small scale heterogeneities in D and 2 may affect the reliability of CP gauge readings. This effect may be one of distorted or biased sample volume since the shape of the electric field may be changed. We have presented some evidence that this happened in our study. If it is true that soil heterogeneities affect the shape of the CP gauge sample volume or bias the sample in other ways, then the capacitance method may be sufficiently compromised to curtail its use. This is a serious question that warrants further research.
The good results with the NS devices, while unsurprising, further illustrate the usefulness of this technique as does the similarity of results from both brands of NS gauges that we used. Regulatory pressures notwithstanding, these results should encourage the continued use of NS gauges.
